Pericardial sac samples from 77 bovine aborted fetuses and stillborn calves were submitted for tissue culture; cells from 55 of these samples were grown successfully in culture. Six of the 55 karyotyped fetuses (10.7%) had an abnormal chromosome complement, in 3 of which (5.5%) the abnormality was probably the cause of death. This level of abnormality is relatively high when one considers that most fetuses were > 8 months gestational age. Approximately 5-7% of human stillbirths and 50% of first-trimester aborted fetuses have chromosome anomalies. If a similar situation exists in cattle, as suggested by these data, chromosome abnormalities may be a major cause of early fetal loss in cattle. Most chromosomally abnormal fetuses had multiple malformations, which suggests that the diagnostic use of chromosome analysis is most cost effective for malformed fetuses and newborns. Twins were present in a higher proportion of these fetuses than expected based on their incidence among liveborn cattle.
Fetal loss, especially late gestation loss, remains a
Materials and methods major economic concern for the cattle rancher and a frequent enigma to the pathologist. The cause of many
Sampling. An announcement about this study and a call cases of abortion remains undiagnosed even after a for submissions were placed in a newsletter sent to all vetcomplete necropsy and histopathologic and microbi-erinarians and pathologists in Saskatchewan in fall 1990 and again in 1991 at the onset on the abortion season. In January ologic examination. In 1 study, 15 3-7% (95/2,544) of 1991, a letter was also sent to the 83 producers with bulls in aborted fetuses had some phenotypic anomaly. In another study, 8 9.2% of 931 necropsied specimens had 1 or more gross anomalies, whereas in yet another 20 only 1.7% (10/595) of the necropsied aborted fetuses had anomalies. The cause of these gross abnormalities was undetermined in most cases, but some were probably due to chromosome abnormalities such as aneuploidy, as was postulated some time ago 22 but has rarely been investigated. A few studies have been done on cattle embryos and early fetuses. In 225 oocytes from slaughtered heifers, 23% had chromosomal anomalies. 16 Out of 12 embryos 12-16 days old, there was 1 case of tetraploidy. 21 When 224 fetuses between 50 and 180 days old were karyotyped, no cases of aneuploidy were found. 12 Fewer chromosomal studies have been conducted on aborted and stillborn cattle. In 5 bovine early neonates that died, no anomalies, either phenotypic or chromosomal, were found. 3 In a chromosome study, of 18 aborted fetuses and stillborn cattle, 4 showed the Saskatoon Record of Performance Test Station asking for submissions. This letter was sent to encourage submission of malformed fetuses; farmers and ranchers often presume the reason for the abortions in these cases is evident and therefore they do not submit these fetuses.
Tissue culture. A small piece of pericardium was collected aseptically from each "fresh" fetus or stillbirth submitted to the Western College of Veterinary Medicine for necropsy. ("Fresh" in this context means not frozen and dead <24 hr, which is necessary to predict reasonable success for culturing dividing cells necessary for chromosome analysis.) Each sample was set up in replicate tissue cultures. a Karyotyping. All tissue cultures that grew were harvested for chromosome analysis. 8 Slides were made, and microscopic analysis conducted. Chromosomes were Giemsa stained for the detection of numerical abnormalities. Photomicrographs were taken. GTG banding (G banding with trypsinization and Giemsa staining) of chromosomes 28 was done, when possible, to study abnormal cells in more detail. Cells from animals with chromosome abnormalities were frozen for future study. aneuploidy. 8 That study was expanded, and the results are reported in this paper. was reported for 61 of the fetuses and ranged from 6
Results
Received for publication April 23, 1994. months gestation to 7 days postpartum, with the vast majority being near term ( Fig. 1 ). Thirty-three of the 77 animals submitted had phenotypic abnormalities at necropsy, and 28 of these were karyotyped.
Karyotyping was completed on 55 (7 1%) of the 77 samples. Six of the 55 karyotyped animals (10.7%) had an abnormal chromosome complement ( Table 2) . Twenty-two of the specimens were not karyotyped because the cells from them did not grow. Cells can fail to grow for a variety of reasons: autolysis of tissues, contamination, and too long a period from death to receipt. Culture failure is typically near this level in such studies in humans. 1 Contamination was minimal because all samples were carefully collected. However, autolysis and late receipt were problems. When abnormal chromosomes were found, the age of the dam was supplied by the owner/rancher. Of the 55 successfully karyotyped animals, 19 were males, 34 were females, and 2 were chimeras.
Twelve fetuses were the result of reported twin pregnancies, representing 8 different sets of twins. This Figure 1 . Histogram depicting the ages of the aborted fetuses and stillborn calves submitted for tissue culture, those karyotyped, and those with malformations. number does not include 2 other animals (nos. 5, 6; Table 2 ) in which the chromosome results suggested twinning but that were not reported by the owners as twins. Table 3 summarizes the number of fetuses and stillborn calves with congenital anomalies out of the total submitted to the Western College of Veterinary Medicine over the course of this and the previous study.
The first chromosomally abnormal animal was a newborn Hereford with a cleft palate, hydrocephalus, a cardiac interventricular septal defect, and arthrogryposis. Trisomy of chromosome 21 (i.e., an extra chromosome 21) was found in all cells (Fig. 2) . The dam was only 4 years old, and the producer agreed to keep her in the breeding herd because the risk of recurrence is thought to be very low based on human risks of nondisjunction. 13 Animal no. 2 was a newborn heifer calf of a Simmental bull-heifer twin pair. She had no structural anomalies, which is rather surprising because she carried an extra unidentified chromosome in a significant proportion of her cells (=a mosaic trisomy). Apparently, her normal cells dictated her phenotype and may have been the predominant type in other tissues. Her bull twin had a normal male karyotype. Animal no. 3 was a newborn crossbred Hereford bull calf. This trisomic calf had hydrocephalus, scoliosis, arthrogryposis, mild hydronephrosis, and anal atresia. An extra chromosome that was not identified was present in all cells.
Animal no. 4 was reported as a female Angus newborn calf, although she appeared to have been a Charolais cross. She had multiple malformations, including hypoplasia of palpebral fissures, cleft palate, kyphoscoliosis, and arthrogryposis. She had trisomy 22 in all of her cells (Fig. 3) .
Animals nos. 5 and 6 were both chimeras, a mixture of cells from 2 different origins as indicated by the presence of X and Y chromosomes in 1 cell type and 2 X chromosomes in the other. This is the typical karyotype of a freemartin and her bull twin, 11, 25 which is not usually a cause of fetal death. Neither chimeric animal was reported as having been born as a twin. Animal no. 5 was a newborn of a crossbred cow sired by a Longhorn bull. The female cell line carried the 1;29 translocation (i.e., the calf was 60,XY/59,XX,t). The dam of this fetus had a normal karyotype. The blood lymphocytes of the sire did not grow, so no karyotype was determined. Moldy feed was used in this herd, suggestive perhaps of a mycotic abortion, as was documented in a later case submitted from this same herd. Fetal tissues were also positive for bovine viral diarrhea virus by direct immunofluorescence. Animal no. 6 was a Limousin newborn calf with male/ female chimerism and no other chromosome abnormalities. The cause of abortion remained undiagnosed.
Discussion
This study would not have detected structural errors that typically lead to malformation and/or abortion, such as deletions and duplications, because chromosomes were only banded in cases where numerical errors were found. Therefore, only numerical errors and 1 Robertsonian translocation were found.
No breed predisposition to numerical chromosome errors was seen nor was it expected; nondisjunction, which is the failure of homologous chromosomes paired during meiosis to separate to form part of the haploid complement of gametes, is believed to be the primary cause of such errors. 4 Only fetuses late in gestation or newborn stillbirths were submitted (Fig. 1) ; thus, the ages of these fetuses could be a bias in producer detection and submission, or alternatively abortion in cattle, rather than resorbtion, may only occur in later gestation (Kirkbride, personal communication).
Three of these 6 chromosomally abnormal calves (nos. 1, 3, 4), probably aborted as a result of the extra chromosome or trisomy detected (5.5% of the total) ( Table 2) . A few cases of autosomal trisomy have been reported in livebom but malformed calves, 10, 14, 18, 14, 30 and most of these appear to be trisomy 17. No other trisomy has been reported as viable in cattle. Likewise most trisomic human fetuses abort, although trisomy 13, 18, and 21 are viable.5,6,7 It is more difficult to predict viability of mosaic trisomy, such as in animal no. 2. The sex ratio of the karyotyped calves was significantly skewed towards females. This skewness may be an artifact of submissions or more an effect of small sample size. In humans, there are subtle sex ratio discrepancies in some malformations, such as neural tube defects.'
The dams of these abnormal calves were all relatively young animals, several calving for the first time. In humans 4 and in a previous study of bovine fetuses, 8 there is a tendency for extra chromosomes to occur more frequently in older dams. The present data neither support nor refute this observation because the risk of chromosome error should be considered in pro- portion to all individuals of a particular age group that gave birth, and this assessment was not possible here.
This number of lethal cytogenetic anomalies, 3 of 55 (5.5%), is lower than the 4 of 18 (22%) previously found 8 but may indicate a more significant problem than expected because this study included fetuses without structural abnormalities and the previous study included only anomalous fetuses. If we include only the phenotypically abnormal fetuses from this study, the rate increases to 3/28 (10.7%). Both fetal studies included chimeric cases.
Although twinning is typically considered an increased risk factor during gestation in cattle 2 and humans, 17 there may be an additional message in these data. One worker (J. Hall) has postulated that twinning may sometimes be the result of the normal cells in the embryo rejecting the "mutant" cell mass and that if this rejection happens before day 14 a second fetus could form from these "mutant" cells. 23 A review of 33 amorphic masses that were twins to normal bovine calves suggests that these are a possible outcome of monozygous twinning. 32 An alternative hypothesis for twinning when 1 twin has a cytogenetic anomaly and the other does not has also been suggested. 26 Three of the 6 chromosomally anomalous calves in this study were twins ( Table 2 ). Incidence of twinning was 14/77 (18%) in the entire sample studied and has been estimated at 0.5-4% in liveborn calves. 2 This high proportion of twins with cytogenetic anomalies can therefore not be explained simply by increased abortion among twins but lends some support to Hall's hypothesis. Human twins have an 18-fold increased risk of death and a 50% greater risk of malformation than do singletons. 17 Because this increased risk of malformation was found among same-sex twins, monozygosity may be a contributing factor. 17 All 3 of the twins with chromosomal anomalies in this study were opposite-sex twins, but chromosomal chimerism from placental anastomosis is predominantly a bovine problem 11 and is rarely reported in other species. Because most such chimeric twins in cattle share DNA fingerprints, 25 they may genetically act more like monozygotic twins than do chimeras of other species. Lymphocyte chimerism and chimerism in fibroblasts grown from pericardium and skin were both found, which suggests the exchange of cells is not limited to blood between twins.
Although the phenotypes associated with specific aneuploidies in humans are well documented, 27 it is premature to attempt such correlations from these few bovine cases. In this and a previous study, 8 we were unable to identify the extra chromosome in all cases. The only trisomy identified twice was trisomy 21, once in the current study and once in the previous study. 8 Both cases had 2 malformations in common, cleft palate and cardiac interventricular septal defect, but each also had other malformations not shared. A 2-day-old calf, which presumably died of heart malformations, with trisomy (putatively trisomy 21) has been reported 18 However cleft palate and ventral septal defect should not be assumed to mean that trisomy 21 is present; 2 of the 4 chromosomally abnormal calves in this study and 3 of the 5 in the previous study 8 had cleft palate. This is also a frequent anomaly in chromosomally abnormal mice. 31 Likewise, 1 of the 4 cases in this study and 2 of the 5 cases previously reported 8 had a ventricular septal defect. Trisomy 17 has previously been reported a few times 10, 14, 24 (although not in this study) and may be an example of a documentable phenotype-chromosome association. Extreme brachygnathia appears to be the salient feature. A 3-week-old trisomic calf with a ventricular septal defect, patent foramen ovale, and umbilical hernia has been described. 30 Several generalizations can be made based upon these findings. Fetuses and newborns with extra chromosomes usually have multiple malformations, as is the case in humans. 1 These malformations are most likely a result of the chromosome problem, as is the ultimate death of the animal. This is also true in other mammals, such as humans and mice. 4 All of the chromosomally abnormal animals in this study were newborns, not fetuses. This is most likely a bias of the samples submitted rather than what is actually happening in nature. In fact, the level of abnormality found in this study may be the "tip of the iceberg" if we can assume cattle would show a trend similar to that in humans, where 50% of abortions at 8-16 weeks gestation, 6 6-12% of abortions after 20 weeks, 9 and 5-7% of stillbirths 1, 19, 29 are due to cytogenetic causes. This speculation is consistent with the finding that only "small" chromosome trisomies were found in this and a previous study, 8 and no cases of total monosomy were found. All monosomies and trisomies of "large" chromosomes are probably lethal early in gestation in cattle, as they are in humans, 6, 7 presumably because of the large number of genes involved. If we can further extrapolate between humans and cattle, the risk of recurrence of aneuploid fetuses is very low, 13 and therefore ranchers should be advised that they need not cull dams or sires of chromosomally anomalous offspring.
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